Filtering of electron images of crystal defects J. Desseaux Abstract. 2014 The interpretation of electron micrographs becomes easier after filtering of the photographic and electronic noise. The filtering process can be optical or numerical. The use of mask in the Fourier space must not disturb too much the spectrum of the information of interest. The influence of four mask shapes is studied on two nearly similar test objects : atomic columns near the core of germanium crystal dislocations. The optimal mask shape is applied to a real electron micrograph of a high resolution electron image of dislocation.
J. Physique 41 (1980) The noise due to electronic and photographic processes in the micrograph is superimposed on the signal and it is necessary to know its spectrum to , restore the image. The noise due to photographic films can be considered as additive and does not depend on the signal and has a flat spectrum [1, 2] . Then the reconstruction will be much more affected when the spectrum of the noise and that of the signal are in the same frequency range and of the same order of magnitude.
Our goal is to filter 500 kV electron micrographs.
In this case the transfer function of the electron microscope has no sign reversals down to 0.3 A -' . Spatial optical zonal filtering [3] or numerical treatment of the transfer function is not necessary.
We are concerned here neither with image formation in the microscope nor with electron matter interaction. However we must keep them in mind for ultimate interpretation of micrographs.
Our purpose is to study the structure of dislocation cores in crystals whose atomic columns have been imaged with high resolution electron microscope [4, 5] .
In this paper we want to test the influence of different mask shapes on the reconstruction of the image of two slightly different objects : the calculated atomic positions around two almost similar dislocation cores [6] . The figure 1 .
A coherent point source is placed on the optical axis in the (xo, yo) plane. The lens L1 of focal length fl is at a distance 11 from the source. Its effect is to modify the incident amplitude by a multiplicative phase factor [12] . The object modifies the amplitude by a transmission function f(x2, y2). The (Fig. 2a) , the other contains a supplementary atomic column (Fig. 2b) . The atomic positions are calculated with the isotropic elastic theory, as given by Hirth and Lothe [13] . The (Fig. 4a) 2) Type 2 : a mask with holes just permitting the five spots 111 and 000 and their immediate surrounding to contribute to the image.
In fact the information seems to be limited to just around the fundamental diffracted beams (Fig. 3) . And intuitively with such shapes the greatest part of the noise can be removed. We have tested two different hole shapes. Figure 4b shows round holes (diameter glll/2). In figure 4c the holes are asymmetric to take into account the angular distortion of the atomic planes near the dislocation core (± 50) and the interatomic distortion (Ag/g = ± 20 %). (Fig. 4d) . 4 . Experimental results of optical filtering. - (Fig. 2) . Thus in the reconstructed image intensity distribution, the term which corresponds to twice the fundamental spatial frequency ( iii) The image of the dislocation cores is greatly affected by the shape of the mask. In the case where five holes are used the core structure is unrecognizable ( Fig. 5b, c) . It is impossible to distinguish if there is an extra atomic column or not. The exact shape of the holes has no influence. The core structure remains blurred even if the special shape filter (Fig. 5c ) is used. But in the cases, where a disc (Fig. 5a) or a ring (Fig. 5d) are used the information about details of the cores structures is not entirely lost.
The explanation is the following one (in one dimension for simplicity) : the reconstructed image of the core is the square modulus of the convolution product of the object with the inverse Fourier transform of the mask. A filter, composed of three windows of width 2 gF around the spatial frequencies -g 111, and If the filter has a disc shape or is almost annular, the h(x) function is narrower than the one given by holes, and has no important subsidiary maximum at the place of 1/g111. In fact the inverse Fourier transform of the disc filter is where gc is the cut off frequency gc = ¥ g 111 (Fig. bb) . figure 4b and a disc mask as in figure 4a.
The conclusions are in agreement with those obtained in paragraph 4.2 (Fig. 7) . In particular, when a mask with holes surrounding the diffracted spots is used, a supplementary atomic column appears in both objects (Fig. 7a) in fact the use of a mask with holes enhances the averaging effect, that is, it enhances the selected periodicities. This is of interest for periodic objects but is disastrous for non periodic objects such as dislocation cores. If a disc mask is used the distinction between the two cores can be made (Fig. 7b) .
In these computed simulated cases the crystal far from the dislocation is well restored apart from the fact that the two atomic columns, 1.4 analysis of periodic objects [20] .
It gives the components of Fourier series whose fundamental sampling frequency is the inverse of the total length of the signal (in one dimension). If We filtered the two-dimensional Fourier series of our pseudo-periodic object with an annular mask (Fig. 8b, c) . The reconstructed image is given figure 8d. The result is the amplitude distribution of the inverse Fourier series. The phase image variation is negligible. We see that the low and high frequency noise has been removed. The core of the dislocation always appears as a large white dot in a positive print. The restored micrograph is easier to interpret : the localization of the white dots becomes more accurate. 6 . Conclusion. -Optical and numerical filtering processes are very attractive but great care must be taken so that neither artefacts nor lost of useful information may be produced.
In the ideal imaging conditions (high resolution high voltage microscopy at Scherzer focus) the transfer function has no sign reversal over a large frequency band and filtered images can be directly interpreted. But with 100 kV electron micrographs a full interpretation requires correction of the electron microscope aberrations and the exact dynamical conditions must be taken into account. Filtering permits us to reconstruct more useful images.
